. Aligned Sequences of the Ena/VASP Family (A) Black shading indicates amino acid identity while pale shading indicates a conservative substitution. The deduced amino acid sequence for the 80 kDa form of Mena is shown. Amino acids 72-140 of human WASP are included. The locations of the EVH1 and EVH2 domains, residues 1-133 and 507-733, respectively, are indicated by brackets on the consensus line. The central proline-rich region of Mena is flanked by serine residues (indicated by a circled cross) that align to two of the known cyclic nucleotide kinase-dependent phosphorylation sites in VASP; Evl contains the amino-terminal site only, while Ena lacks both sites. The sequence GPPPPP, implicated in profilin-binding, is present three times in VASP, twice in Mena (indicated by an overline) and once in Evl. The EVH2 domain contains a motif similar to one critical for the binding of G-actin by thymosin␤4 (KLKR; Van Troys et al., 1996 ; indicated by asterisks), and a conserved charged cluster at the extreme carboxyl terminus. Two potential extended helical structures in Mena are overlined with double arrowheads. The positions of alternately included exons in Mena are indicated by a circled 1 and a circled 2. (B) Sequences of exons included in neural-specific variants of Mena. The larger exon (ϩ) at position marked by circled 1 is included in all neural Mena isoforms. None or one of two (ϩϩ, or ϩϩϩ) sequences at position marked by circled 2 are included. (C) Percent amino acid identity amongst Ena/VASP proteins and WASP in the interval spanning amino acids 36-115 of the alignment as calculated by the Homologies program.
In this report, we present analyses of the biochemical, Results cell biological, and functional properties of Mena. Mena is shown to be localized to regions of dynamic actin Similarity and Domain Structure of the Ena/VASP Protein Family formation within cells. We define a conserved domain of Mena that directs its subcellular distribution by asso-A probe from Drosophila Ena was used to isolate murine cDNAs. Analysis of overlapping cDNAs identified an ciation with proteins containing a specific proline-rich motif and show that Mena is a ligand for profilin. Finally, open reading frame predicted to encode a 541 amino acid protein similar to Drosophila Ena, which we termed we demonstrate that some isoforms of Mena are capable of inducing the formation of actin-rich cellular outmammalian Ena (Mena; Figure 1A ). The presence of larger proteins immunologically related to Mena in growths. Our results suggest a role for this new protein in the organization of the microfilament-based cytoskelembryonic head extracts (see below and Figure 2 ) prompted us to screen a mouse brain cDNA library. eton and implicate Mena in the regulation of actin-based cell motility.
Using Mena as a probe, cDNAs containing combinations of three alternately included exons (denoted ϩ, ϩϩ, and ϩϩϩ) spliced into the original sequence were isolated. All of these larger Mena cDNAs contained the ϩ exon, which introduces 246 additional amino acids into the sequence ( Figure 1B ). Some cDNAs also included either the ϩϩ or the ϩϩϩ exon as well ( Figure 1B ). Database searches identified two more sequences related to Mena, VASP (Haffner et al., 1995) and a human expressed sequence tag (EST). The EST sequence was used to isolate a murine cDNA predicted to encode a 393 amino acid protein that we named Ena-VASP Like (Evl; Figure 1A ). Alignment of Mena, Evl, human VASP, and Ena revealed that all contain a central proline-rich core flanked by two highly conserved regions, which we term Ena-VASP homology domains (EVH1 and EVH2; Figure 1A ). EVH1 encompasses the WH1 domain (Symons et al., 1996) , defined as a block of similarity between the Wiskott-Aldrich syndrome protein (WASP) (Derry et al., 1994) and the VASP and Ena amino termini. A pairwise comparison among the 5 sequences throughout the EVH1 domain revealed that Mena is the vertebrate protein most similar to Ena and VASP, while WASP is the least related ( Figure 1C) .
In contrast to Ena, VASP, and EVL, Mena contains a striking 5 amino acid repeat region with the consensus sequence LERER, located between the EVH1 domain and the first conserved serine phosphorylation site (Figure 1) . The extended helical structure predicted for this repeat may function as a protein-binding interface or to separate the EVH1 domain from the proline-rich core of Mena.
Broadly Distributed and Neural-Enriched Isoforms of Mena
To initiate biochemical and immunocytochemical analyses of Mena, polyclonal antisera were raised against the amino or carboxyl termini of the protein, or a peptide encoding the last 18 amino acids of Mena. Because of the high degree of similarity between Mena and VASP, we tested the Mena sera to ensure that they did not react with VASP. All three anti-Mena sera detected the in intensity from E10 to E15, an interval of development solution. Mena bound well to the Abl and Src SH3 domains ( Figure 2F ), but only very weakly to Fyn SH3, and during which rapid neurite outgrowth occurs. In adult tissues, the 140 kDa form was found only in brain exnot detectably to neuronal-Src, Grb2, Crk, and Csk SH3 domains or the control GST protein. tracts and not in muscle, lung, kidney, heart, liver, or thymus (data not shown). The 140 kDa band was also enriched during the course of retinoic acid-induced difLocalization of Mena to Focal Adhesions ferentiation of P19 embryonic carcinomal stem cells into Is Mediated by Its N-terminus neurofilament-positive neurons ( Figure 2C ). In P19 neu-
The subcellular distribution of Mena in nonneural cell rons, Mena protein is concentrated in growth cones types was determined by immunofluorescence micros-( Figure 2B) ; however, isoform-specific antisera will be copy ( Figures 3 and 4) . In RAT2 and PtK 2 cells, Mena required to determine the relative distribution of the varilocalized to focal adhesions and, to a lesser extent, ants. Similar results in both Western blot and immunofluleading edges and stress fibers ( Figure 3) ; similar results orescence assays were observed using antisera diwere observed using amino-or carboxy-terminal antirected against the amino terminus, carboxyl terminus, Mena sera. Mena localization in focal contacts was coinor the affinity-purified anti-peptide antibodies; signals cident with vinculin, a constituent of focal contacts (Geiwere not detected using preimmune sera at the same ger et al., 1980) ( Figures 3A and 3AЈЈ ). Mena distribution dilution (data not shown).
was also compared to that of phosphotyrosine, another The mobility of the 80 and 140 kDa Mena isoforms is marker for focal contacts (Maher et al., 1985) . Surprisslower than predicted by their sequence (60 and 83 ingly, in most focal contacts, Mena was more concenkDa, respectively), most likely due to their large proline trated in the proximal portions of the phosphotyrosine content. Translation of the Mena cDNA in vitro gave rise domain at the ends of F-actin stress fibers ( Figure 3C , to proteins that comigrate with the 80 kDa band (Figure see magnified inset). This pattern was observed in 267 2D). Expression of the neural Mena ϩ cDNA in fibroblasts out of 305 focal adhesions scored in 6 cells, indicating produced a signal at 140 kDa in addition to the endogethat, in a large fraction of focal adhesions, tyrosine phosnous doublet at 80 kDa ( Figure 2C ). These data indicate phorylated proteins are more heavily concentrated disthat the 80 kDa signal is a broadly expressed form of tally to Mena, vinculin, and perhaps other constituents Mena, while the 140 kDa signal is a Mena isoform enof focal contacts. riched in, or specific to, neural cell types and produced VASP interacts directly with zyxin (Reinhard et al., by alternative splicing. The 88 kDa signal is immunoreac1995b), a LIM-domain protein localized in focal adhetive with all anti-Mena antibodies tested and likely represions (Sadler et al., 1992 ) that shares a proline-rich motif sents another splice variant or a posttranslationally with vinculin and ActA (Domann et al., 1992) . Since the modified form of Mena. We were unable to recover Mena EVH1 domain is the most highly conserved portion of cDNAs that could account for the 88 kDa isoform in the sequence, we reasoned that it might mediate an screens of four different cDNA libraries or by RT-PCR.
interaction with zyxin or vinculin that recruits Mena to focal adhesions in fibroblasts or related structures in other cell types. An immobilized GST-fusion protein conPhosphorylation and SH3-Binding of Mena Since Ena and VASP are both phosphorylated in vivo, taining amino acids 6-170 of Mena (N-Mena), which encompasses the EVH1 domain, was used to capture we examined the phosphorylation status of Mena. Mena immunoprecipitates from E12 head lysates contained proteins from lysates of E12 heads, or human erythrocytic leukemia cells (HEL), which are rich in zyxin. Bound an anti-phosphotyrosine reactive signal that comigrates with the 140 kDa form ( Figure 2E ). The 80 and 88 kDa proteins were analyzed by Western blotting ( Figure 4A ) with antibodies to zyxin, vinculin, or the Ack kinase, forms contained no detectable phosphotyrosine. In RAT2 cells, Mena migrates as an 80 kDa doublet ( Figure  which contains a related proline-rich motif (Manser et al., 1993) . The N-Mena matrix retained >50% of the total 2C) as does Mena protein synthesized in vitro ( Figure  2D ). To determine if this doublet could be produced by endogenous zyxin, while a much smaller fraction of the vinculin present in the lysates was recovered from the serine-threonine phosphorylation, Mena protein produced in a reticulocyte lysate was immunoprecipitated N-Mena column. Ack was not observed among the proteins bound to N-Mena, even though it is readily detectand incubated with lambda phosphatase. This treatment caused a quantitative conversion of the 80 kDa form of able in the lysates. Direct, specific interactions between N-Mena and zyxin or ActA were demonstrated by ligand Mena to the faster migrating form of the doublet ( Figure  2D ), while subsequent treatment of the dephosphoryoverlay assays ( Figure 4B ). Therefore, Mena can associate directly with ActA, zyxin, and probably vinculinlated sample with protein kinase A shifted the mobility of the protein to the slower migrating form of the doublet molecules that all share a related proline-rich motif.
Based on these observations, we speculated that ( Figure 2D ). Thus the slower migrating form of the doublet in RAT2 cells could arise from serine phosphorylabinding of N-Mena to its proline-rich ligands might localize it to focal adhesions. We tested this hypothesis by tion of the 80 kDa form. Therefore, Mena could receive signals from serine-threonine kinase-and, in neurons, microinjecting the GST-N-Mena fusion protein into PtK 2 cells to see if N-Mena could direct a heterologous protyrosine kinase-mediated-signaling pathways. Since the proline-rich core of Ena can bind to the SH3 domains tein to focal contacts. Immunofluorescence of the injected cells with anti-GST antibodies demonstrated that of Src and Abl (Gertler et al., 1995) , we examined whether Mena would associate with GST-SH3 fusion proteins in the N-Mena sequences directed the fusion protein to focal adhesions ( Figure 4C , see arrowhead). When GST ( Figure 4D ), whereas Mena distribution was not affected by injection of a peptide corresponding to an unrelated alone was injected, specific labeling was not observed in the cell (data not shown). Therefore, the EVH1 domain portion of ActA, DEWEEEKTEEQPSE (data not shown).
Injection of the ActA peptide also depletes VASP focal likely mediates targeting of Mena to focal adhesions.
To determine if proline-rich ligands recruit Mena to contacts (Pistor et al., 1995) ; however, the distribution of vinculin and F-actin stress fibers remained normal focal adhesions in vivo, we attempted to saturate the N-Mena ligand binding site. A peptide containing the ( Figures 4E and 4F ). Therefore, Mena and VASP do not seem to be required to maintain the integrity of focal ActA sequence SEPSSFEFPPPPTDEELRLA, which is related to motifs found in zyxin and vinculin, was microincontacts or microfilaments in this cell type, at least during the course of this experiment. Together, these data jected into PtK 2 cells. The endogenous Mena protein was depleted from focal contacts in the injected cells indicate that the N-terminal portion of Mena, which con-tains the EVH1 domain, can target Mena to focal contacts via protein-protein interactions with molecules containing an ActA-like motif, such as zyxin and vinculin.
Mena Is Recruited to the Surface of Listeria monocytogenes
To determine if Mena is involved in the microfilament assembly required for Listeria motility, we examined infected cells by immunofluorescence and found that Mena was readily detectable on the surface of intracytoplasmic bacteria ( Figure 5B ). Higher magnification revealed that on motile Listeria, Mena was concentrated on the pole of the bacterium associated with the formation of new actin filaments, at the interface between the bacterium and the actin tail, whereas on nonmotile Listeria, Mena was distributed more uniformly over the bacterial surface ( Figures 5C and 5D ).
Because the amino terminus of Mena can bind to ActA and an ActA-derived peptide can displace Mena from its normal location within cells, we examined the distribution of the GST-N-Mena fusion protein in Listeriainfected cells. After microinjection of GST-N-Mena into PtK 2 cells followed by infection with Listeria, the exogenous Mena protein was recruited to the bacterial surface ( Figures 5E and 5F ), whereas microinjected GST protein remained diffusely distributed throughout the cytoplasm of infected cells (data not shown). These results implicate the EVH1 domain in the redistribution of Mena to the bacterial surface.
Mena Is a Ligand for Profilin
Efficient Listeria motility depends on the recruitment of profilin to the bacterial pole adjacent to the newly polymerized actin of the comet tail (Theriot et al., 1994) , a process in which VASP has been implicated (reviewed by Pollard [1995] ). The profilin-binding site in VASP likely includes the proline-rich sequence (GP 5 ) 3 G since VASP antibodies as indicated. The 116 and 80 kDa markers are indicated by bars. (B) The GST Mena protein was used for a ligand overlay assay to demonstrate direct binding to zyxin and ActA. Total proteins (50 g) from human platelets (T), zyxin ‫05ف(‬ ng) purified from porcine platelets (Z) and recombinant Listeria monocytogenes ActA (A) were separated by SDS-PAGE and transferred to nitrocellulose. Sheets were overlaid with GST-N-Mena (5 g/ml) or an equimolar concentration of GST, and bound proteins were detected with anti-GST antibodies. The purified zyxin and ActA were detected by GST-NMena, but not by GST. The major specific signal in the total lysate lane comigrates with purified zyxin. The 97 and 66 kDa markers are indicated by bars. dissociates from profilin in the presence of poly-L-prowhereas much higher concentrations (50 M) of the (GP 5 ) 3 G were required to reduce Mena binding to the line or (GP 5 ) 3 G (Reinhard et al., 1995a) . Since Mena contains related proline-rich motifs, we analyzed the binding same extent. Together, these data suggest that profilin binds Mena much more effectively than the (GP 5 ) 3 G pepof Mena to immobilized profilin. Mena protein translated in vitro was retained on a profilin-sepharose matrix, but tide. Further work will be required to determine the binding constant for Mena to profilin. not on sepharose alone (Figure 6 ). Mena binding was reduced 6-fold by preincubation of the profilin matrix with 1 mg/ml of (GP5)3G peptide.
The Neural-Enriched Mena Isoforms Induce F-Actin Rich Outgrowths in Fibroblasts We sought to determine whether Mena binds to profilin more efficiently than the (GP5)3G peptide. To this
The molecular interactions and subcellular distribution of Mena suggest that it may have a role in F-actin formaend, we reduced the amount of immobilized profilin used in the assay such that approximately half of the Mena tion. We speculated that elevated intracellular concentrations of Mena might stimulate actin nucleation or protein present in 100 l of 50 pM 35 S-labeled Mena was retained on the matrix. The addition of 500 pM soluble polymerization. To test this hypothesis, we used a retrovirus to express the different Mena isoforms ectopically profilin in the assay reduced the amount of Mena retained by the immobilized profilin to ‫%52ف‬ of the input, in RAT2 cells. Cells were analyzed by immunofluore-share a conserved domains structure. The N-terminal portion of Mena, which contains the EVH1 domain, functions as a modular protein-binding interface that associates with specific proline-rich motifs. Given the high level of conservation of the EVH1 domain at the N-terminus of Ena/VASP family proteins, and the shared ability proline-rich motifs: SH3 domains (Ren et al., 1993) , WW domains, (Chen and Sudol, 1995) , profilin (Perelroizen sence microscopy to determine the distribution of Mena et al., 1994) , and now EVH1 domains. While there is no and F-actin 36 hr after infection with the parental virus obvious sequence motif shared amongst these do-(an example is shown in Figure 3B ) or viruses expressing mains, they all contain a high concentration of hythe various Mena isoforms. As expected, individual cells drophobic residues, which, in SH3 domains and profilin, within the population expressed varying degrees of the are known to make direct contact with prolines (Feng Mena isoforms when analyzed by fluorescence intensity.
et al., 1994; Perelroizen et al., 1994) . Further analyses Similar increases in Mena immunofluorescence intensity of EVH1 domains will be needed to define the structural across the population were observed with the 80 kDa features required for interaction with its ligands. form or any of the three larger Mena variants. Western
The N-terminus of Mena is sufficient to target a heterblot analysis indicated that, over the whole cell populaologous protein to sites where Mena is normally concention, the cumulative amount of ectopic Mena ϩ protein trated, suggesting that the EVH1 domain of Mena mediproduced was roughly equivalent to the endogenous ates interactions that direct its subcellular distribution. content of the 80 kDa Mena isoform ( Figure 2C ). In conSimilar roles in subcellular trafficking have been retrast to the 80 kDa form of Mena, which induced the ported for SH3 domains (Bar Sagi et al., 1993) . Displacesporadic formation of small localized clusters of Mena ment of Mena as well as VASP (Pistor et al., 1995) from and F-actin (not shown), more dramatic results were focal contacts by microinjection of a cognate-ligand observed when any of the three neural-enriched variants peptide suggests that proper localization of both moleof Mena were used (Figure 7 ). About 25% of the cells cules could require binding to proteins containing the had detectable levels of Mena ϩ immunoreactivity out-FPPPP motif. Two such proteins, zyxin and vinculin, side focal contacts and often contained concentrated localize to focal adhesions and are among the proteins pools of immunoreactivity that overlapped with dense recovered from lysates on immobilized N-Mena. In addiaccumulations of F-actin ( Figures 7A, 7AЈ, and 7AЈЈ) . tion, N-Mena and VASP (Reinhard et al., 1995b) can Projection of a three-dimensional rendering of the image bind directly to zyxin in overlay assays. EVH1-mediated at a 45Њ angle indicated that the Mena-actin structures associations with zyxin, and potentially vinculin, may were outgrowths from the cell surface ( Figures 7B, 7BЈ , link Mena and VASP to other molecules involved in cyand 7BЈЈ). An optical section taken at the plane of celltoskeletal remodeling and signal transduction. substratum contact showed a relatively normal distribuIn solution binding assays, zyxin was more efficiently tion of Mena, mainly in focal contacts and at the cell recovered than vinculin by the N-Mena matrix, sugperiphery, and F-actin, mainly in typical stress fibers, gesting that its affinity for Mena is higher, perhaps due with only a small amount of the Mena and F-actin deposto the presence of 3 FPPPP repeats, or because the its ( Figures 7C, 7CЈ, and 7CЈЈ) . A section taken 3.8 m binding motif in vinculin is masked by inter-or intramoabove the substratum contact indicated the Menalecular interactions. The Mena-binding motif of vinculin induced projections extend above the top of the nuclei is found in a region thought to form a flexible "hinge" (Figures 7D, 7DЈ, and 7DЈЈ) . Comparison of the Mena that permits conformational changes required to expose and F-actin staining at this level indicated that Mena is its latent binding activities to F-actin, talin, and other distributed at the periphery of the F-actin, potentially at the site of F-actin polymerization and nucleation in these molecules (Johnson and Craig, 1995) . These cryptic projections ( Figure 7D , DЈ, and DЈЈ, see magnified inbinding sites in vinculin are unmasked by phosphatidylsets). These data indicate that, when expressed in fibroinositol-4-5-bisphosphate, which disrupts the intramoblasts, the neural-enriched forms of Mena can direct the lecular association between the vinculin head domain formation of cell surface outgrowths associated with the and the rod-like tail (Gilmore and Burridge, 1996) . Perrecruitment of F-actin.
haps relationship to ENA/VASP family proteins as proposed that accumulation and concentration of VASP in focal contacts was dependent on its carboxyl terminus. When (Symons et al., 1996) . This hypothesis is bolstered by two observations: cellular abnormalities found in WAS expressed in BHK21 cells, intact VASP showed the expected distribution of the protein in focal adhesions patients likely result from defects in the actin-based cytoskeleton (Derry et al., 1994) , and ectopic expression and along actin stress fibers; however, truncated VASP protein, lacking part of the EVH2 domain (residues 284-of WASP produces clusters of F-actin/WASP aggregates (Symons et al., 1996) . The extent to which WASP 380), was not concentrated in focal contacts (Haffner et al., 1995) . Differences in the experimental approaches function overlaps with that of the Ena/VASP family remains to be determined. used may account for the apparent discrepancy in the observations. For example, the truncated VASP protein As discussed above, the EVH1 domain of VASP may direct its subcellular location by a mechanism similar may be improperly folded and incapable of participating in EVH1-mediated interactions. It is also possible that to that of Mena. However, a previous report suggested Ena/VASP proteins are stabilized in focal contacts has the capacity to bind to profilin and perhaps profilactin (Reinhard et al., 1995a) . Analysis of the aligned seby their carboxy-terminal EVH2 domain. Perhaps the charged, helical EVH2 domain could promote the formaquences revealed that Ena/VASP family proteins contain a short motif similar to sequences that mediate contact tion of stronger multivalent interactions by mediating oligomerization. Consistent with this hypothesis, VASP between the actin-sequestering molecule thymosin ␤4 and G-actin (Van Troys et al., 1996) . In the Mena/VASP is thought to form tetramers (Haffner et al., 1995) , and the 80 kDa form of Mena coimmunoprecipitates with family, the core sequence of this motif, KLKK in thymosin ␤4, contains one or two arginine residues in place of the VASP (F. Gertler, unpublished data), suggesting that homoligomeric and heteromultimeric complexes between two C-terminal lysines (residues noted with an asterisk in Figure 1A ). While interpretation of such similarities must different Ena/VASP family proteins may form in vivo. Further experiments will be required to clarify the funcbe made cautiously, we note that this putative G-actin binding motif is located in the EVH2 domain in close tion of the EVH2 domain.
proximity to part of the likely profilin binding region of Mena and VASP. Therefore, it is conceivable that Mena Mena Function in Listeria Motility and VASP make direct contacts with both moieties of The intracellular propulsion of Listeria depends upon profilactin complexes. Further analyses will be required the formation of F-actin-rich comet tails and resembles to determine whether profilactin is bound by Mena and aspects of the protrusions that occur in spreading and what effects this complex may have on actin dynamics. migrating cells (reviewed by Theriot, 1995; Lasa and Under normal conditions, Mena could recruit profilin Cossart, 1996). While controversy exists over the minito regions of dynamic actin remodeling via binding to mal requirements for this motility (Marchand et al., 1995;  cellular proteins, such as zyxin and vinculin, that contain reviewed by Pollard, 1995) , it appears that efficient an ActA-like motif. The involvement of Mena and VASP movement of the bacteria in vivo requires the prolinein promoting efficient actin polymerization is also sugrich repeats of ActA since microinjection of a peptide gested by the observation that, when targeted to mitocomprising an ActA repeat inhibits Listeria motility in chondria, the ability of ActA protein to induce F-Actin cultured cells (Southwick and Purich, 1994) . VASP (Charecruitment is greatly diminished by deletion of the prokraborty et al., 1995) and Mena are recruited to Listeria, line-rich motifs required to recruit VASP, and most likely and bind to ActA, most likely via the proline-rich repeats, Mena, to the mitochondrial surface (Pistor et al., 1995) . thereby implicating these molecules indirectly as factors
The ability of exogenous neural Mena isoforms to inrequired for normal Listeria motility.
duce the formation of F-actin-rich outgrowths in fibroEfficient Listeria motility may require VASP (reviewed blasts is consistent with a role for Mena in the rapid by Pollard, 1995) , or Mena, to recruit profilin to the bactemicrofilament-based extension of filopodia during axorium. The motifs in Mena that mediate binding to ActA nal growth cone migration, a process that resembles and profilin are in separate parts of the protein, potenListeria-induced actin assembly (Forscher et al., 1992) . tially allowing simultaneous binding of these two moleFormation of lammellipodia-like structures can also be cules by Mena, thereby serving to recruit profilin (or induced by introduction of profilactin through microinprofilactin complexes) to the surface of Listeria to projection (Cao et al., 1992) or by targeting ActA to the mote F-actin assembly and bacterial motility. plasma membrane in cultured cells. Expression of a Profilin (Theriot et al., 1994) , VASP (Chakraborty et al., membrane-targeted version of ActA lacking the proline-1995), and in this report, Mena, have been shown to be rich repeats fails to cause such protrusions (Friederich concentrated at the pole of motile Listeria monocytoet al., 1995) , consistent with the hypothesis that Ena/ genes associated with actin polymerization, while on VASP family proteins may be required for formation of nonmotile bacteria, Mena and VASP are uniformly dissuch ActA-induced membrane extensions. tributed. ActA has been observed to be uniformly distrib-
The abnormal F-actin-rich cellular outgrowths inuted around both motile and nonmotile Listeria (Niebuhr duced by Mena ϩ could result from either the reorganizaet al., 1993)-we note that this is a matter of controversy tion of existing F-actin, or de novo actin polymerization. as others have reported a polarized distribution of ActA
The enhanced ability of neural Mena to generate this (Kocks et al., 1993) . As proposed for VASP (Chakraborty phenotype as compared to either the 80 kDa form of et al., 1995), the polarized distribution of Mena on the Mena or VASP (Haffner et al., 1995) arises from inclusion surface of motile Listeria as opposed to ActA might arise of the proline-rich "ϩ" exon, which could contain addifrom selective modulation of their interaction in vivo, tional profilin-or SH3-binding sites. Further analysis will perhaps by posttranslational modification of either probe required to determine the basis for the increased tein. The reagents generated in the present study should capacity of neural Mena to cause such outgrowths. be useful in the analysis of the polarization process.
What Signals Regulate Mena Function?
Cytoskeletal rearrangement can be elicited by a variety Role of Mena in Actin Dynamics Profilin has been implicated in actin dynamics; for examof signal cascades induced by external stimuli such as adhesion through integrins or stimulation with growth ple, it may stimulate F-actin formation by effectively lowering the critical concentration required for monomer factors (Zigmond, 1996) . Many of these signals are propagated by kinase cascades that could trigger the obaddition (Pantaloni and Carlier, 1993; Theriot and Mitchison, 1993 ). Profilin-actin complexes (profilactin) can served tyrosine and serine-threonine phosphorylation on Mena. Mena may be a target of cyclic nucleotide bind to polyproline (Perelroizen et al., 1994) , and VASP 0.5% Deoxycholate/ 0.1% SDS) ϩ 1 mM each PMSF, Aprotinin, and signaling since it contains sequences similar to the Na3VO4. Immunoprecipitations were performed with 1 ml of 1 mg/ known phosphorylation sites for cAMP-and cGMPml of head lysate using 5 l of Anti-N-Mena or preimmune sera. dependent kinases in VASP (Butt et al., 1994) . (Bixby and Jhabvala, 1993) , and thus is a candidate anti-Ack (Santa Cruz) at 1 g/ml, and anti-zyxin at a 1:100 dilution.
Mena kinase. By analogy to Drosophila Ena, c-Abl may Signals were visualized using chemiluminescence (NEN). Ligand be linked to Mena. In NIH3T3 cells, c-Abl is largely a overlay assays were conducted as described (Reinhard et al., nuclear tyrosine kinase (Van Etten et al., 1989); however, 1995b in actin dynamics is supported by the presence of quantitated using a phosphorimager (Molecular Dynamics). SH3-G-and F-actin binding activities in its C-terminal binding assays were performed as described (Weng et al., 1993) . (McWhirter and Wang, 1991; Van Etten et al., 1994) .
Purified human platelet profilin (Janmey, 1991) was coupled (at 0.9 mg profilin/ml of matrix) to NHS-activated HiTrap sepharose
The potential involvement of Mena in c-Abl and c-Src (Pharmacia) . Profilin binding assays were performed as described function is under investigation. (Reinhard et al., 1995a) , using 20 l of profilin-sepharose in a 100
Mena was identified by its similarity to Ena, a molecule l solution of PBS containing 3% bovine serum albumin followed implicated in the process of axonogenesis by genetic by three washes PBS before PAGE analysis or scintillation counting. data. A specialized role for Mena in neural development mM, and ‫%01ف‬ of the total cell volume was injected. Cells were then returned to the incubator for 15 to 30 min before fixation. For Experimental Procedures subsequent infection with Listeria, cells were allowed to recover for 2 hr. Molecular Cloning and Sequence Analysis Library screening, subcloning, sequencing, and polymerase chain Immunofluorescence Microscopy reactions were performed by standard methods. An EcoRI-SphI RAT2 cells grown on glass coverslips coated with 5 g/cm 2 fibronecfragment containing the first 106 codons of Ena (Gertler et al., 1995) , tin (Sigma), and P19 cells grown on ECL growth matrix (UBI) were or for Evl, the insert of an EST (T08035; obtained from WashU-Merck fixed with 3% or ice cold 4% paraformaldehyde in PBS for 10 min EST Project IMAGE Consortium, LLNL) was used to screen cDNA and permeabilized with 0.2% Triton X-100 in PBS. For the detection libraries made from mouse embryonic stem cells and mouse brain of microinjected proteins, cells were washed with MES-buffer (0.1 (Stratagene). Sequence analysis was performed using the Genetics M MES [pH 7.6], 4% PEG 6000 [w/v], 1 mM MgCl 2 ) twice before Computer Group software package (Devereaux et al., 1984) . The incubating them with MES-buffer with 0.2% Triton X-100 for 2 min, BLAST program was used to search the GenBank databases followed by another MES wash, fixation and staining. Anti-Mena sera at NCBI.
were used at 1:400. FITC, Texas red and Cy5 secondary antibody conjugates (Jackson Immunoresearch) were used at 1:100. PhosFusion Proteins and Antibody Production photyrosine and neurofilaments were detected using mab4G10 (UBI) Fragments encoding amino acids 6-170 (N-Mena) or and mab 2H3, respectively. Phalloidin, DAPI, and Vectashield (C-Mena) were generated by PCR and cloned into pGex2T mounting media were purchased from Molecular Probes, Sigma, (Pharmacia). Fusion proteins were prepared and purified on Glutathiand Vector Labs, respectively. Fluorescence photomicroscopy was one-sepharose (Pharmacia), according to the manufacturer's inconducted on a Zeiss Axiophot, and three-dimensional microscopic structions, and used to immunize New Zealand white rabbits. Affinimages were captured and processed using a Deltavision microity-purified antisera raised against the peptide LKEELIDAIRQELSKS scope and software (Applied Precision, Inc.). NTA were produced by QBC.
Infection of Cultured Cells with Listeria monocytogenes Biochemistry
L. monocytogenes serotype 1/2a EGD were grown in brain-heart Protein extracts from cells or dissected embryos were prepared in ice-cold RIPA buffer (25 mM Tris [pH 7.5]/150 mM NaCl/1% NP40/ infusion broth (Difco) at 37ЊC with aeration. For infections, bacteria from an overnight culture were added to PtK2 cells at a dilution of Forscher, P., Lin, C.H., and Thompson, C. (1992) . Novel form of growth cone motility involving site-directed actin filament assembly. 1:200. After 1-2 hr, plates were washed with fresh medium containing 25 g/ml gentamicin. Three hr later, coverslips were washed Nature 357, 515-518. and processed for immunofluorescence as described above.
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